Abstract Factors predisposing to the phenotypic features of high total cholesterol (T-Cho) in human plasma have not been clearly defined. Here we report an association between two variations in the apolipoprotein B48 receptor gene (APOB48R) and plasma T-Cho levels among 352 adult individuals in Japan. By analyzing phenotypic associations between age-and gender-adjusted levels of plasma T-Cho, low-density lipoprotein (LDL) cholesterol (LDL-C), and high-density lipoprotein (HDL) cholesterol (HDL-C), we detected a significant correlation between genotypes of the A419P variation and adjusted T-Cho levels. Among homozygous G-allele carriers (n=265), heterozygous carriers (n=78), and homozygous minor C-allele carriers (n=9), T-Cho levels were 2.43±0.21 mg/cm 3 , 2.48±0.24 mg/ cm 3 , and 2.63±0.21 mg/cm 3 , respectively, indicating a codominant T-Cho-elevating effect of the minor C-allele (r=0.15, P=0.007). A similar effect was detected for c.934-960/del (r=0.13, P=0.015). Linkage disequilibrium (LD) analysis detected significant LD among eight variant sites that included neighboring loci. Our results indicate that variations in APOB48R and nearby genes are among the many factors involved in hypercholesterolemia. The etiological studies should now include consideration of this novel aspect of the mechanism(s) leading to hypercholesterolemic disease.
Introduction
Hyperlipidemia is a very common multifactorial disease, the onset and progression of which are determined by genetic risk as well as by environmental factors (Hegele 2001; Cullen et al. 1997) . Clarification of genetic risk is essential for prevention and effective early treatment of hyperlipidemia because accumulating evidence from clinical, epidemiological, and experimental studies suggests that lipid and lipoprotein concentrations in plasma are strongly influenced by genetic factors (Zannis and Breslow 1985) , not only in some types of familial hyperlipoproteinemia but in nonfamilial primary hyperlipidemias as well.
Plasma lipids are regulated by multiple metabolizing and transport systems in which the lipoprotein system is the critical gateway, as many of the known causes of dyslipidemia depend on the functions of apolipoproteins or their receptors. Rare mutations in certain genes are known to be responsible for abnormalities of plasma lipoproteins; examples are the low-density lipoprotein (LDL) receptor gene (LDLR) in familial hypercholesterolemia, the apolipoprotein B gene (APOB) in familial defective apoB100, and the lipoprotein lipase gene (LPL) in hyperchylomicronemia (Goldstein et al. 1995) . However, common variations within apolipoprotein genes may also affect plasma lipoprotein levels, exemplified by a known association of variations of apolipoprotein E (apoE) with dysbetalipoproteinemia (de Knijff et al. 1994) . By analogy, we assume that common variations in genes encoding receptor molecules might also affect lipoprotein metabolism.
A gene encoding a specific receptor for apoB48, a short isoform of apoB, was recently identified on chromosome 16p11 (Brown et al. 2000) . ApoB48 protein is a major constituent of triglyceride-rich lipoproteins such as chylomicrons (CM), very low-density lipoproteins (VLDL), and LDLs. In contrast to full-length apoB100 in the lipoprotein moiety derived from liver (VLDL, VLDL remnants, and LDL), intestine-derived apoB48 lacks an LDL receptor (LDLR)-binding domain in its C-terminal half (Yang et al. 1986 ) and thus requires specific receptor(s). Several common variations have been reported in the APOB48R gene involving codons for the repetitive motif in the extracellular domain of apoB48R; these include a 9-amino-acid deletion (27 nucleotides), and some of them would cause significant alteration in the amino-acid sequence of the translated protein. Although the influence of those variations on physiological function has not been investigated thoroughly, it is reasonable to assume that such differences could influence lipid levels in plasma.
To test that hypothesis, we examined the potential involvement of APOB48R and neighboring genes in the pathogenesis of hypercholesterolemia by investigating several single-nucleotide polymorphisms (SNPs) and analyzing linkage disequilibrium (LD) among them. Multiple regression analyses were carried out to examine possible associations of genotypes or haplotypes with plasma lipoprotein levels among 352 Japanese.
Materials and methods

Subjects
The subjects for our work were participants in a cohort study carried out concurrently with health-check screening in east-central Japan, as described previously in detail (Fujita et al. 2003) . From among the 22,228 participants screened initially, we selected 352 individuals whose LDL-cholesterol (LDL-C) levels were higher than 1.40 mg/cm 3 (LDL-C > 140 mg/dl). None of the selected participants had medical complications or were undergoing treatment for conditions known to affect plasma lipoprotein levels, such as pituitary disease, hypo-or hyperthyroidism, diabetes mellitus, liver disease, or renal disease. None were receiving antihyperlipidemic therapy. The selected participants visited lipid clinics for detailed examination of their lipoprotein profile and other clinical parameters. In addition to these study subjects, 383 individuals were recruited from eastern Japan as a reference cohort for the genotyping results. All gave written informed consent prior to the study, which was approved by the Institutional Review Boards of the Research Consortium.
Physical and clinical profiles of these subjects (age, gender, body-mass index, and plasma lipoprotein and lipid levels) were obtained from records of the special outpatient clinic for dyslipidemic patients at the University of Chiba. These records had been carefully collected during detailed examinations at the first visit. Because initial screening was designed for the healthcheck assessment, some differences from the general Japanese population were found, representing less than 0.5 times SD differences of mean values. None of the selected participants had medical complications or were undergoing treatment for conditions known to affect plasma lipoprotein levels, such as pituitary disease, hypo-or hyperthyroidism, diabetes mellitus, liver disease, or renal disease. None were receiving antihyperlipidemic therapy. Genomic DNA was extracted from peripheral blood samples, as previously described (Fujita et al. 2003) .
Measurement of lipoproteins
Lipid and lipoprotein concentrations in plasma were measured in blood samples collected from each participant after 12-16 h of fasting, according to procedures described previously . In brief, plasma cholesterol and triglyceride concentrations were assayed enzymatically, and concentrations of HDLcholesterol (HDL-C) were determined by the MgCl 2 -dextran precipitation method. LDL-C concentration was calculated by subtracting the HDL-C value from the fraction containing both LDL-C and HDL-C, as described elsewhere .
SNP selection and genotyping
We extracted ten polymorphic variations of the APOB48R gene from the dbSNP of the NCBI (http:// www.ncbi.nlm.nih.gov/SNP/) and denoted them -1820C/T, -1682C/T, -688TAGT/-, -343C/G, G343R (c.1027G/A), A419P (c.1255G/C), A776V (c.2327C/T), c.934-960/del, c.1034-1062/del, and 3'+119G/A according to their positions (Table 1) . Variant sites in two neighboring genes, CLN3 IVS1-229T/C and LOC390688 S44N (c.131G/A), were selected as well. Among these, four variations (-1682A/G, -688TAGT/-, -343C/G, and A776V) appeared to be monogenic in our test of 24 subjects and thus were excluded from the analysis on the entire group of subjects.
Genotypes of five variations (-1820C/T, G343R, c.934-960/del, c.1036-1062/del, and CLN3 IVS1-229T/ C) were determined by cycle sequencing using BigDye terminator v1.1 Cycle Sequencing Kits (Applied Biosystems, Foster City, CA, USA) and the ABI PRISM 377 DNA Sequencing System (Applied Biosystems). Primer sequences were as follows:
For -1820C/T, 5'-TGGTCTAAGCACCACCTTTG-3' (forward) and 5'-GGCGCATTCCTGTAGTCAC-AGG-3' (reverse); for G343R, c.934-960/del and c.1036-1062/del, 5'-AGGAAGCCCGGACAATCTCA-G-3' (forward) and 5'-GGGACTGCTCCATAT-TCTGTCT-3' (reverse); and for CLN3 IVS1-229T/C, 5'-AGTTTCTGAGTCCTTTCTGTCTGC-3' (forward), and 5'-GTCCCTTCATGGAGAGTGGC-3' (reverse). A419P and LOC390688 S44N genotypes were determined by Invader assay (Third Wave Technologies, Madison, WI, USA) according to the manufacturer's protocol (Mein et al. 2000; Lyamichev et al. 1999) . The manufacturer provided designed probe sets along with the required reagents. The PCR primer sets were (for A419P) 5'-CTGCCTGTACCAGCTCTTCC-3' (forward) and 5'-CAACCTCAGGCAAAGAGGAG-3' (reverse); and (for S44N) 5'-CACATATTGTT-GGATGTCTGGC-3' (forward) and 5'-CCAACAC-CAGGTTGAACTGC-3' (reverse). APOB48R 3'+ 119G/A genotypes were determined by TaqMan Assays, using specifically designed probes, primers, and reagents of TaqMan Assays-on-Demand (Applied Biosystems). Genotypes were determined according to the manufacturer's protocol, using the ABI prism 7900HT (Applied Biosystems) (Livak 1999).
Haplotyping, LD, and statistical analysis Plasma levels of lipoproteins were adjusted according to gender and age of each subject using standard data for the general Japanese population obtained from 11,994 individuals in a 2001 cohort study (Kita 2001 ). Haplotype frequencies among the 704 alleles investigated were calculated by Arlequin software (Genetics and Biometry Laboratory, Geneva, Switzerland). LD for all possible two-way combinations among the variations was tested with D' and r 2 (Millar et al. 2000; Thompson et al. 1988) . The diplotype of each individual was estimated by an EM algorithm using SNPAlyze v3.1 (DYNA-COM, Chiba, Japan).
Quantitative associations between genotypes and adjusted plasma-lipid levels (mg/dl) were analyzed by analysis of variance (ANOVA), with regression analysis as a post-hoc test. The three genotypic categories of each SNP (e.g., C/C, C/T, and T/T for rs27741) were converted into incremental values 0, 1, and 2, respectively. These values corresponded to the number of chromosomes possessing a minor allele of the variation. When correlation was examined among 352 subjects, we defined significant association when the given P value of the ANOVA F test was less than 5% (P<0.05). Chisquare tests were used to ascertain Hardy-Weinberg equilibrium among genotypes (P>0.05). Multiple regression analysis was applied for defining the most significant combination(s) of variations that correlated with the adjusted plasma-lipid levels using GLM multivariate ANOVA on SPSS software Advanced Models 11.0 (SPSS Inc., Chicago, IL, USA).
Results
To analyze potential correlation between variants of APOB48R and neighboring genes with lipid phenotypes, we first clarified the allelic frequencies and heterozygosities of eight polymorphic sites in these loci by genotyping 352 subjects ( Table 2 ). The subjects then fell into three genotypically subdivided groups (i.e., homozygous major-allele carriers, heterozygous individuals, and homozygous minor-allele carriers) for each of the variations, with no deviation of genotypic frequencies from Hardy-Weinberg equilibrium (P=0.54, v 2 test). The maximum-likelihood haplotype frequencies estimated by an expectation-maximization algorithm indicated that 12 major haplotypes covered 92% of the chromosomes in our test population, suggesting significant LD within the region (Fig. 1a) . Analysis of D' and r 2 also indicated the existence of LD block that covers the APOB48R and the neighboring CLN3 locus (Fig. 1b, c) .
By analyzing distribution of the adjusted total cholesterol (T-Cho), LDL-C, and HDL-C concentrations among the genotypic groups for each of the eight variations, we detected a significant difference in T-Cho levels associated with allelic status for A419P (Table 3 ). The number of the individuals genotypically categorized for homozygous G-allele carriers, heterozygous indi- We excluded these variations from the analysis by the exclusion criterion that the minor allele frequency among the 24 test subjects was less than 0.05 viduals, and homozygous minor allele carriers were 265, 75, and nine, respectively, which was not largely different from the frequencies obtained from 383 independent subjects as a reference cohort (309, 67, and seven). Among our study subjects, codominant T-Cho-elevating effect of the minor C-allele (r=0.15, P=0.007) was Fig. 2 ). Codominant effect was supported by analyzing the differences between two genotypically divided groups based on dominant model (C-allele carriers; n=87, T-Cho=243.4±21.4 and noncarriers; n=265, T-Cho=249±23.8, P=0.026) and recessive model (G-allele carriers; n=343, T-Cho=244±22.0 and noncarriers; n=9, T-Cho=263.1±21.1, P=0.012).
In addition to A419P, a similar effect was detected for c.934-960/del (r=0.13, P=0.015), but this appeared to be due to strong LD between these two polymorphisms. This notion was supported by haplotype analysis of the APOB48R locus (Table 4) , by which contribution of the third haplotype (1-1-0-0-1-1; -1820T -c.934-960/del -343G-c.1034-1062-419P-3'+119A) to higher T-Cho level was suggested (Table 5) . No other individual variation or haplotype showed statistically significant correlation to T-Cho or levels of any lipoprotein.
The possibility of combined effects was tested by multiple regression analysis. Fitting an equation explained about 4% of the plasma T-Cho variances (r 2 =0.038, P=0.02) when all five variations in APOB48R were included. Selection of two dependent variables (A419P and -1820C/T) allowed us to predict individual T-Cho levels more efficiently (r 2 =0.033, P=0.003). However, when the stepwise method was introduced for variable selection, only one variable A419P was selected, suggesting that there is no statistical significant contribution of other variations with interactive effect.
Discussion
The work reported here detected significant association of APOB48R polymorphisms with adjusted levels of TCho in human plasma, allowing us to propose this gene as a novel candidate for susceptibility to hyperlipidemia. Multiple variations in APOB48R and neighboring genes revealed this association among hypercholesterolemic individuals. Among the variations examined, two in the APOB48R gene itself (c.934-960/del and A419P) were potentially functional and thus might be involved in determining plasma T-Cho levels for hypercholesterolemic individuals.
APOB48R was a rationally selected candidate gene because its product is distributed among the triglyceriderich lipoprotein moieties in plasma. Reticuloendothelial systems should maintain balance between the uptake of intestine-derived lipoproteins (CM and CM remnants) and uptake of liver-derived lipoproteins (VLDL, VLDL remnants, and LDL). Changes in the ability to take up intestine-derived lipoproteins could affect the entire balance of serum lipoproteins. Significant association was detected only for T-Cho levels in our test subjects. Lack of statistical power is the likely reason why no association was detected for the LDL-C, for which we detected some tendency (r=0.09). Reproducible association should be examined in the larger cohort by examining factors including VLDL, VLDL remnants, LDL-C, and HDL-C levels.
Variation-exerted changes in plasma cholesterol levels may be related to ligand-binding affinities. Specific binding of apoB48 to this receptor (apoB48R) is evident although the ligand-binding domain has not been clearly defined. A previous study suggested that a series of 9-amino-acid repeats in the extracellular domain, an element of unknown function, might contribute to binding (Brown et al. 2000) . In that respect, our result for the variation c.934-960/del was interesting since it deletes one of the eight repeating elements of this region. Another SNP, A419P, is also interesting because it localizes within the same region of the extracellular domain. Structural alterations of the extracellular domain of the receptor due to these variations might alter binding affinity for its specific ligand, apoB48, and affect uptake of CM and CM remnants. When we analyzed the predictive changes in protein function by missense coding SNPs using the ''Sorting Intolerant From Tolerant'' (SIFT) program (http://blocks.fhcrc.org/sift/SIFT.html; Ng and Henikoff 2002) , a deleterious effect of 343-R (score =0.04 < 0.05) was indicated; however, 419-P may have only a mild effect (score=0.11). This notion could be tested by means of ligand-blotting or lipoprotein-uptake assays (Brown et al. 2000; Daniel et al. 1983) . Another possibility that a variation in the 5'-upstream region of this gene, -1820C>T, may have additional effect on serum cholesterol should be functionally tested by examining the binding for nuclear factors HNF-3/fork-head homolog-2, cHox-cad or chorion factor CF2, the binding motif of which was indicated close to this polymorphism by TFSEARCH program (Searching Transcription Factor Binding Sites; http:// www.rwcp.or.jp/papia/).
We observed significant LD within the APOB48R locus extending to neighboring loci (CLN3). The region with significant LD extended about 60 kb was within the standard range of LD reported at other loci (Reich et al. 2001) ; however, the internal pattern of the LD indices was somehow complicated. One possible reason for this complexity could be related to the existence of a highly homologous nearby gene (LOC400514; 99% identical to APOB48R in nucleotide sequence); i.e., some of the variations analyzed here might actually belong to the LOC400514 gene (Fredman et al. 2004 ). This must be clarified by extensive challenge for direct sequencing effort to distinguish APOB48R from LOC400514 localized in this long range of highly homologous and repetitive chromosomal region. Haplotype numbers were designated in the order of greater frequencies In conclusion, we identified multiple variations in a novel hyperlipidemia-susceptibility gene, APOB48R, that may affect plasma T-Cho levels among hyperlipidemic individuals. Further investigations of these variations should help to clarify the complex mechanism(s) determining hypercholesterolemia and lead to a better understanding of the pathogenesis of hyperlipidemia. Such analyses might present a novel point of view for establishing suitable treatment designs and plans for prevention of the disease.
